High-fidelity entanglement swapping with fully independent sources 
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Entanglement swapping allows to establish entanglement between independent particles that never 
interacted nor share any common past. This feature makes it an integral constituent of quantum re- 
peaters. Here, we demonstrate entanglement swapping with time-synchronized independent sources 
with a fidelity high enough to violate a Clauser-Horne-Shimony-Holt inequality by more than four 
standard deviations. The fact that both entangled pairs are created by fully independent, only elec- 
tronically connected sources ensures that this technique is suitable for future long-distance quantum 
communication experiments as well as for novel tests on the foundations of quantum physics. 



To take full advantage of the powerful features of 
quantum information processing schemes £Q, large scale 
quantum networks will have to be realized. These will 
inevitably involve the reliable distribution of entangle- 
ment [2] between distant, independent nodes. Photons 
are well suited to cover these distances as they do not 
tend to interact with the environment and can easily be 
transmitted via fibers or optical free-space links. Today, 
these methods are limited to distances on the order of 
a hundred kilometers [U [5J? ] due to photon loss and 
detector noise [BJ. Quantum repeaters [7J |H1 M O] , which 
repeatedly swap and distill entanglement along a chain of 
distant sources, are expected to overcome this limitation. 

The three principal ingredients of quantum repeaters 
are quantum memories [HI [TO], entanglement distilla- 
tion [TTJ [T2] , and entanglement swapping [13] . While a 
real-world implementation of a quantum repeater is still 
far down the road, gradual progress has been achieved in 
realizing its constituents [HI [16l [III [111 HH1 [20j EH [22j? ]. 
In particular any future realization of a quantum repeater 
will involve entanglement swapping with pairs emitted 
from distant, independent sources. 

Recently, the independence of the sources used for en- 
tanglement swapping was shown to be not only of practi- 
cal interest. In [23J it is argued that independence in such 
an experiment allows to place even tighter restrictions on 
local hidden variable theories [2J] than in experiments on 
pairs emitted directly by one source. This allows to cir- 
cumvent the loophole of inefficient detectors. Therefore, 
the use of independent sources for entanglement swap- 
ping could help to close all loop holes, which up to now 
had to be closed in separate experiments [221 1251 I2B1 127] . 
in one ultimate Bell- type experiment. 

Entanglement swapping has been demonstrated with 
photons [TH HH1 1281 .'' ] and recently with atomic en- 



sembles [20] and ions [22]. In all of these experiments 
a crucial requirement for use in quantum repeaters re- 
mains unfulfilled: the sources must be separable by large 
distances. In [HI IT51 [201 1221 .'' ] the entangled pairs were 
created by interaction of one optical pump with one or 
two nonlinear media, while in |28j the two laser beams 
pumping two separate nonlinear media were not optically 
independent. To separate the sources in any of these im- 
plementations would require to distribute intense pump 
beams over large distances. That goal is practically un- 
feasible given dispersion, high loss at the pump wave- 
lengths and path length fluctuations. Moreover, because 
of either the common origin or the optical interaction of 
the pump beams involved, in none of these experiments 
the sources meet the criteria for independence as needed 
for a real-life quantum repeater or for an experiment as 
presented in |23| . 

Previous experiments [29j [30] aimed to show that en- 
tanglement swapping with fully independent sources is 
in principle feasible. However, these experiments failed 
to show the genuine none-classical correlations of the 
swapped entangled states. In particular, while correla- 
tions were observed in [30] , they where not strong enough 
to violate a Bell-type inequality [24] , which would indi- 
cate that the swapped entanglement was sufficient for 
direct further use in, for example, quantum-state telepor- 
tation [3JJ or entanglement-based cryptography [32] [33] 
without the need for distillation. 

Here, we fill this experimental gap and demon- 
strate high-fidelity entanglement swapping between en- 
tangled photon pairs emitted from time-synchronized 
independent sources. The resulting correlations be- 
tween particles that do not share any common past are 
strong enough to violate a Clauser-Horne-Shimony-Holt 
(CHSH) inequality [3J. Our configuration is a proto- 



type solution for use in future quantum repeaters. It is 
readily adaptable for use over large distances, and it im- 
plements a BSM with the maximum achievable efficiency 
for a linear-optics implementation. 

Each source in our experiment emits pairs of polar- 
ization entangled photons along spatial directions 1 & 2 
and 3 & 4, respectively (see fig. [I}. We chose the singlet 
state tp~ , which is one of the four maximally entangled 
Bell states: 
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A successful entanglement swapping procedure will re- 
sult in photons 1 and 4 being entangled, although they 
never interacted with each other |13L ? ]. This is done 
by performing a Bell-state measurement on particles 2 
and 3, i.e. by projecting them on one of the four Bell 
states. Consequently, photons 1 and 4 will be pro- 
jected onto the Bell state corresponding to the BSM out- 
come. Because of the independence of the sources, either 
the emission or the detection of the individual photons 
has to be time-synchronized better than the coherence 
times of the photons [35] . One possible method to fulfill 
this requirement is to actively time-synchronize pulsed 
sources [29] . In contrast to techniques used in earlier ex- 
periments [HJ [HI EDJ [22j [28J? ] this allows to separate 
the sources, in principle, by arbitrary distances. 

Each of the two separate spontaneous paramet- 
ric down-conversion (SPDC) setups is pumped by a 
frequency-doubled beam (A = 394.25 nm) generated 
by two separate, pulsed femtosecond lasers (Coherent 
MIRA, operating at 788.5 nm), each of which is in turn 
pumped by its own solid-state laser (Coherent Verdi 
V10). The timing of the pump pulses is synchronized 
purely electronically to an accuracy of 260 ± 30 fs us- 
ing the method described in [29]. No optical interaction 
between the two sources is necessary to sustain time- 
synchronization. The synchronization mechanism con- 
sists of two phase-locked loops (PLL), one for coarse and 
one for tight synchronization. The inputs of the PLLs are 
the signals of two fast photodiodes (2 GHz bandwidth), 
each monitoring the output of one of the lasers. For 
details sec [29]. The feedback signals of the two PLLs 
that adjust the cavity length of the slave laser have a 
bandwidth Ais < 10 kHz. This restricts the maximum 
distance of the two sources to c/Av ss 30 km. Here, we 
assume that the PLLs are positioned at the slave laser, 
and that only the master laser's photodiode signal has 
to be transmitted over the separating distance, e.g. via 
a radio-frequency fiber-optic link. In practice, the maxi- 
mum distance is additionally limited by path-length fluc- 
tuations and noise in the transmission of the diode signal. 

We implement the Bell-state measurement by Hong- 
Ou-Mandel (HOM) interference at a 50:50 beam split- 
ter [35] and subsequent polarizing beam splitters [T5] [37] 
(see fig. [T]). It allows to identify two out of four Bell 
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FIG. 1: Schematic of the setup for entanglement swapping. 
The two femtosecond lasers, which are separated by ~ 4 m, 
are time-synchronized by a Coherent Synchrolock (for details 
see ref. [25]). Each of the two infrared beams is frequency dou- 
bled to 394.25 nm by second-harmonic generation (SHG), the 
master's beam by a Lithium- Triborate crystal and the slave's 
beam by a /3-Barium-Borate (BBO) crystal. The resulting 
beams each pump a BBO crystal to generate entangled pho- 
tons via SPDC. Interference filters of 0.4 nm and 3 nm FWHM 
bandwidth guarantee high HOM interference visibility for the 
BSM, which is realized by a combination of two polarizing 
beam splitters (PBS) and a fiber beam splitter (BS). 



states, as was first demonstrated in the experimental re- 
alization of dense coding |38j . This is the optimum effi- 
ciency possible with linear optics [39 . A two-fold coinci- 
dence detection event between either Dq\h and Dq2v or 
Dqiv and Dq2H indicates a projection on %p~ . On the 
other hand, a coincidence detection event between either 
Dqih and -Dqiv or Dq 2 h and Dq 2 v indicates a projec- 
tion on ip + . These events have to occur in coincidence 
with clicks in the detectors D\ and D4 in modes 1 and 
4. All measurement results are, therefore, four- fold coin- 
cidence detection events, where the coincidence window 
has to be shorter than the delay between two successive 
pulses (~ 13 ns). 

Compared to [59] and [3U] we observed a signifi- 
cantly higher HOM-intcrfcrcncc visibility of (I ma x — 
Imin) / Imax = 0.96 ± 0.01 (see fig. [2| . This was achieved 
by using narrower bandwidth filters (0.4 nm FWHM). Us- 
ing solid-state pump lasers in both of the sources, and 
stabilizing the laboratory temperature allowed us to dis- 
pense with the compensation for long-time drifts that 
was necessary in |29j . The considerably higher interfer- 
ence visibility observed was necessary in order to achieve 
the violation of a CHSH inequality |34j with the swapped 
entangled pairs. 

We confirm successful entanglement swapping by test- 
ing the entanglement of the previously uncorrelated pho- 
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FIG. 2: Hong-Ou-Mandel (HOM) interference scan. The four- 
fold coincidences are measured between the detectors D\ , D4 
and two detectors placed directly behind the fiber beam split- 
ter in the BSM (see Figure [l]). These are plotted over the 
relative time delay of the interfering photons, which is deter- 
mined via cross correlation of the laser pulses. Background 
has not been subtracted. Error bars indicate s.d. The solid 
line is a Gaussian fit to the data (\ 2 ~ 0.85) with a visibility 
of 96 ± 1%.. 



tons 1 and 4. Violation of a CHSH inequality is not only 
of fundamental interest because it rules out local-hidden 
variable theories. It also proves that the swapped states 
are strongly entangled and, as a result, distillable [40J. 

The specific state of photons 1 and 4 after entangle- 
ment swapping depends on the result of the BSM, which 
can either be ip + or ip~ . The relevant CHSH inequalities 
for these cases are 



V = \±E(ai,b 1 )TE(a 1 ,b 2 ) 
+ E(a 2 ,b 1 ) + E(a 2 ,b 2 ) 



< 2. 



(2) 



E(a,i,bi) denotes the expectation value of the product of 
the outcomes of coincidence measurements along and 
bi of the polarizations of the two photons. Each polar- 
ization measurement has two possible outcomes, which 
are assigned the values +1 and —1. In the experiment 
the vectors a, and bi correspond to the well known an- 
gles for the maximal violation of the CHSH inequality, 
0° and 45° for photon 1 and 22.5° and 67.5° for photon 
4, respectively. 

The results for the expectation values for the various 
measurement settings are given in table]!] Applying them 
to equation [2] yields 



2.40 ±0.09 



= 2.38 ±0.09, 
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-0.53 ±0.05 


0.65 ±0.04 


-0.68 ±0.04 


-0.54 ±0.05 




-0.44 ±0.05 


0.69 ±0.04 


0.69 ±0.04 


0.56 ±0.05 



where we have normalized the four-fold coincidence rates 



TABLE I: Expectation values for the CHSH inequality de- 
pending on the outcome, i\>~ or if) + , of the BSM. Each of 
these values is calculated from four measurements of four- 
photon coincidences integrated over 15000 s ~ 4h. 



on the product of two-fold coincidences to take into ac- 
count degrading alignment over the long scan times. 
Even without normalizing the four-folds we achieve a 
clear violation of the CHSH inequality with S^- = 
2.37 ± 0.09 and = 2.38 ± 0.09. 

In all cases the CHSH inequality is violated by more 
than four standard deviations. This shows that the inde- 
pendent photons in modes 1 and 4 clearly are entangled 
and can asymptotically be distilled into the maximally 
entangled singlet state [30] , satisfying the central require- 
ment for quantum repeaters. Because every (two qubit) 
entangled state can be distilled but does not necessarily 
violate a Bell inequality [41 , the violation of the CHSH 
inequality is a stronger criterion than required for dis- 
tillability. It implies that, even without distillation, the 
entanglement of the states obtained in our experiment is 
high enough for immediate further use in quantum com- 
munication protocols like quantum teleportation [31 J or 
quantum cryptography [32] [33] . 

We have demonstrated high-fidelity entanglement 
swapping with time-synchronized independent sources. 
The swapped entanglement clearly violates a Bell-type 
inequality. These strong non-classical correlations be- 
tween particles that do not share any common past are 
not only crucial for future quantum repeaters. They 
might also enable novel tests of quantum mechanics [23] 
H2J [43] . Because the time-synchronization depends only 
on electronic signals, our sources can, in principle, be 
separated by very large distances. A practical way to 
do so would be to synchronize each laser locally to a 
reference oscillator, e.g. an atomic clock. These refer- 
ence oscillators can be synchronized remotely to sub- 
picosecond accuracy [33] [351 SEj 1 which would be suffi- 
cient for our purposes. Recent results [37] show that even 
better remote timing stability is achievable with state-of- 
the-art technology. Future efforts should be directed at 
increasing the spectral brightness of the SPDC sources 
used, e.g. by employing pump lasers with narrower band- 
widths and by using state-of-the-art SPDC sources [35] , 
Only recently it was shown that SPDC bandwidths nar- 
row enough for quantum memories are feasible |49j . As 
an added benefit, narrower bandwidths loosen the con- 
straints on laser and path-length synchronization to ob- 
serve high- visibility HOM interference. Finally, a very 
important step will be to efficiently produce and detect 
entangled photons at telecom wavelengths to cover even 



larger distances. 
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